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INTRODUCTION 

Two impor tan t  cons idera t ions  f o r  t h e  f u t u r e  p roduc t ion  o f  o i l  from 
shale are So l ids  hand l i ng  and heat management. For a resource y i e l d i n g  about 
90 a/tonne , two tonnes o f  rock must be handled f o r  each b a r r e l  o f  o i l  pro- 
duced, and l a r g e  q u a n t i t i e s  o f  heat must be supp l ied  or removed f o r  t h e  high- 
temperature processes invo lved.  Proper reac to r  design and e f f i c i e n t  process 
operat ions requ i re  accura te  en tha lpy  da ta  f o r  r e t o r t i n g  raw shale and combust- 
i n g  spent shale. It i s  p a r t  o f  our program i n  high-temperature ca lo r ime t ry  t o  
develop novel techniques f o r  o i l  -shale measurements and t o  p rov ide  accurate 
enthalpy da ta  f o r  sha les  o f  commercial i n t e r e s t .  I n  previous papers, we have 
descr ibed a new method f o r  de termin ing  t h e  en tha lpy  o f  vapor i za t i on  o f  organic 
ma te r ia l s  a t  h igh  temperatures ( l ) ,  demonstrated t h e  a p p l i c a t i o n  o f  t h i s  
method t o  o i l - s h a l e  systems (2), and g iven a complete s e t  o f  r e s u l t s  f o r  t h e  
heat o f  r e t o r t i n g  raw Colorado Green R ive r  and A u s t r a l i a n  Rundle o i l  shales t o  
500°C ( 3 ) .  I n  t h e  present  paper we present new r e s u l t s  f o r  t h e  heat o f  com- 
bus t i on  o f  spent Green R ive r  shales a t  705OC. 

EXPERIMENTAL METHOD 

Our apparatus i s  t h e  high-temperature Calvet- type ca lo r ime te r  de- 
sc r i bed  p rev ious l y  (4 ) .  B r i e f l y ,  it cons is t s  o f  a c e n t r a l  incone l  b lock  sur- 
rounded by a furnace designed f o r  opera t ion  from room temperature t o  1000°C. 
Wi th in  the  b lock  a re  two symmet r ica l l y  mounted w e l l s  which serve as sample 
chambers. Each we l l  i s  surrounded by a m u l t i - j u n c t i o n  thermop i le  which moni- 
t o r s  the  temperature d i f f e r e n c e  between t h e  we l l  and t h e  b lock .  When any 
process w i t h i n  t h e  sample chamber absorbs o r  l i b e r a t e s  heat, t he  thermopi le 
s igna l  observed i s  p ropor t i ona l  t o  t h e  heat flew between the  chamber and the 
b lock .  The t w i n  thermop i les  are w i red  i n  oppos i t i on  so t h a t  a d i f f e rence  
reading i s  obtained f o r  the  l e f t  versus r i g h t  sample chambers. A diagram of 
t h e  apparatus i s  shown i n  F igure  1. 

Most o f  t h e  experiments t o  be descr ibed a re  "drop" experiments. A 
qua r t z  o r  ceramic tube w i t h i n  t h e  sample chamber i s  con t inuous ly  swept w i th  
Gas (ni t rngen c r  oxygen, depending on t h e  exper iment) ,  and a sample i s  droppea 
from room temperature i n t o  t h e  r e c e i v i n g  tube  a t  t h e  h igh  temperature o f  the 
ca lo r ime te r .  A peak i n  t h e  thermop i le  s igna l  records  the  t o t a l  heat necessary 
t o  b r i n g  the sample f rom room temperature t o  i t s  f i n a l  s t a t e  a t  h i g h  tempera- 
tu re .  The area o f  t he  peak i s  d i r e c t l y  p ropor t i ona l  t o  t h e  t o t a l  heat.  

+a/tonne = 4.174 U.S. g a l / t o n  
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I n  t h e  case o f  samples dropped i n t o  n i t rogen,  we have developed a 
novel method f o r  de termin ing  t h e  heat necessary f o r  r a p i d  vapor i za t i on  pro- 
cesses i n  t h e  ca lo r ime te r  (1). When a sample o f  an organic compound, o r  of a 
Complex mix tu re ,  i s  dropped i n t o  the  ca lo r ime te r  a t  a temperature where evapo- 
r a t i o n  o r  b o i l i n g  i s  rap id ,  a l l  processes can be completed w i t h i n  the  t ime 
constant of t h e  ca lo r ime te r  (about 2 t o  3 minutes).  The ca lo r ime te r  thermo- 
p i l e  then responds " b a l l i s t i c a l l y " ,  and t h e  peak he igh t  (as  w e l l  as the  more 
t r a d i t i o n a l  peak area) i s  d i r e c t l y  p ropor t i ona l  t o t h e o t a l  heat  t r a n s f e r r e d  
t o  the  sample. I n  Reference 2 we showed t h a t  t h e  method was accura te  beyond 
Pure compounds and cou ld  be used t o  determine t h e  heats associated w i t h  o i l -  
shale processes. Resu l ts  on Green R ive r  o i l  sha le  f o r  t h e  t o t a l  en tha lpy  
change 

raw shale (25OC) + spent shale + v o l a t i l e s  (5OOOC) 1) 

agreed very we l l  w i t h  those from an e a r l i e r  study us ing  an e n t i r e l y  d i f f e r e n t  
technique (5 ) .  

I n  a d d i t i o n ,  t h i s  experiment f o r  a complex m a t e r i a l  such as o i l  
shale presents an oppor tun i t y  t o  study t h e  phys ica l  chemistry o f  t h e  associ-  
ated processes. When a sample i s  dropped i n t o  h i g h  temperature, some 
processes may be completed w i t h i n  t h e  response t ime  o f  t h e  ca lo r imeter ,  and 
o ther  processes may take  longer.  The peak-height value w i l l  accu ra te l y  repre- 
sent t h e  heat f o r  t h e  r a p i d  processes, w h i l e  t h e  peak-area va lue  w i l l  repre- 
sent t he  t o t a l  heat f o r  a l l  o f  t he  processes u n t i l  t h e  ca lo r ime te r  re tu rns  t o  
equ i l i b r i um (about 1.5 t o  2.5 hours).  Al though comparison o f  t h e  peak-height 
and peak-area values f o r  each run nomina l l y  d i s t i ngu ishes  rap id  vs. slower 
processes, t h i s  can sometimes a l l ow  a d i s t i n c t i o n  between organ ic  and i n -  
organic con t r i bu t i ons .  I n  Reference 3, we presented r e s u l t s  f o r  two complete 
s i n k - f l o a t  s e r i e s  o f  r a w  shales, Colorado Green R ive r  and A u s t r a l i a n  Rundle. 
The enthalpy q u a n t i t i e s  f o r  equat ion 1 were accu ra te l y  determined, and the  
comparison o f  peak-height and peak-area values showed t h e  importance o f  slower 
inorgan ic  processes occu r r i ng  i n  the  Rundle shales a t  500°C. 

C a l i b r a t i o n  o f  t h e  c a l o r i m e t r i c  s e n s i t i v i t y ,  bo th  f o r  endo- and 
exothermic events, i s  in te rspersed repeated ly  among t h e  ac tua l  shale exper i -  
ments. For endothermic drops i n t o  n i t rogen,  the  c a l o r i m e t r i c  s e n s i t i v i t y  i s  
determined by dropping samples o f  wAl O3 i n t o  t h e  ca lo r ime te r  and record ing  
bo th  t h e  he igh t  and area o f  t h e  resu?lting peak. From t h e  known enthalpy 
change (6)  o f  A1 O3 between room temperature and t h e  ca lo r ime te r  temperature, 
both a peak-heiggt and a peak-area c a l i b r a t i o n  constant a re  ca l cu la ted .  For 
exothermic combustion experiments, t he  c a l o r i m e t r i c  s e n s i t i v i t y  i s  determined 
us ing  a c a l i b r a t i o n  heater  wound onto t h e  ceramic tube which serves as the  gas 
d e l i v e r y  i n l e t .  A heat pu lse  i s  generated us ing  a p r e c i s i o n  power supply, and 

, t he  t o t a l  heat i s  c a l c u l a t e d  from t h e  known vo l tage  and the  measured re -  
s i  stance. 

OIL-SHALE SAMPLES 

The raw Green R ive r  o i l - s h a l e  samples are  from t h e  s i n k - f l o a t  sepa- 
r a t i o n  procedures devel oped a t  Exxon Research and Engi neer i  ng Company i n  
Baytown, Texas (7 ) .  They are  t h e  same as those used i n  our r e t o r t i n g  s tud ies  
( 3 )  and are  from t h e  Mahogany Zone (Colony Mine) , rang ing  from 87 t o  340 
a/tonne (21 t o  82 U.S. g a l / t o n )  Fischer Assay. Compositional de ta i l s , inc lud-  
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i n g  minera l  analyses, have been given by Vadovic ( 7 ) .  The powdered shale sam- 
p l e s  were d r i e d  i n  our l a b o r a t o r y  over a P20 desiccant t o  remove surface 
mo is tu re  and l o o s e l y  h e l d  water. Occasional d e c k s  have i n d i c a t e d  t h a t  t h i s  
process removes an amount o f  water comparable t o  t h a t  removed by d r y i n g  a t  
105OC. 

COMBUSTION OF SPENT GREEN R I V E R  SHALE AT 705OC 

Combustion o f  Model Carbonaceous Ma te r ia l s  

The e l e c t r i c a l  c a l i b r a t i o n  procedure o u t l i n e d  e a r l i e r  determines the  
c a l i b r a t i o n  cons tan t  f o r  t h e  r e l a t i v e l y  " s t e r i l e "  procedure o f  a c o n t r o l l e d  
e l e c t r i c a l  power i n p u t  w i t h i n  t h e  thermop i le  reac t i on  zone. To determine 
whether t h i s  constant i s  app l i cab le  t o  a v igo rous l y  combusting organic sample 
a t  h igh  temperature, we performed several  chemical checks us ing  model combus- 
t i ons. 

A t  75OoC, we measured t h e  heat o f  combustion o f  SP-1 g raph i te  (8 ) .  
I n  our f i r s t  exper iments,  us ing  d r y  oxygen, t h e  heat o f  combustion values were 
w ide ly  sca t te red  and i n v a r i a b l y  low w i t h  respec t  t o  t h e  l i t e r a t u r e  va lue  f o r  
g r a p h i t e  (9 ) .  We suspected incomplete combustion of carbon monoxide, and, 
when we humid i f i ed  the  oxygen by bubb l ing  i t  through l i q u i d  water a t  room 
temperature ( l o ) ,  t h e  combustion values immediately improved t o  w i t h i n  3 t o  4 
percent  o f  t he  l i t e r a t u r e  value. By a d j u s t i n g  t h e  gas f l o w  r a t e  t o  change the  
residence t ime o f  gases i n  t h e  r e a c t i o n  zone, we even tua l l y  ob ta ined an accu- 
racy  o f  1 t o  2 percent .  Thus, a l l  subsequeni combustions o f  shale samples 
used humidi fed oxygen a t  a f l o w  r a t e  o f  20 cm /min. Fu r the r  tes ts ,  bo th  a t  
705 and 750'C. were made by combusting the  highly-porous amorphous carbon, 
spherocarb ( l l ) ,  t o  s imu la te  t h e  r a p i d  burn ing  o f  a spent shale sample, and 
these t e s t s  i n d i c a t e d  t h a t  t h e  e l e c t r i c a l  c a l i b r a t i o n  constant,  even when 
app l i ed  t o  a r a p i d  combustion, g i ves  t h e  t r u e  en tha lpy  va lue  w i t h i n  a few 
percent.  

To t e s t  whether v o l a t i l e  m a t e r i a l s  would combust w i t h i n  the  thermo- 
p i l e  zone under our  cond i t i ons ,  we dropped samples o f  heavy, pure aromat ic 
compounds d i r e c t l y  i n t o  t h e  oxygen stream i n  t h e  ca lo r ime te r  a t  705OC. We 
used 1,2,5,6-dibenzanthracene ( t b  = 524OC) and coronene ( t b  = 525OC), and 
sample s izes  (about 2 t o  3 mg) w8re chosen t o  s imu la te  the  ankunt o f  organic 
t h a t  might v o l a t i l i z e  from a spent sha le  sample. Even though combustion was 
no t  complete (60 t o  90 percent o f  t h e  expected en tha lpy) ,  we concluded t h a t ,  
if our system was t h i s  e f f i c i e n t  i n  combusting these r e f r a c t o r y  molecules, we 
cou ld  expect v o l a t i l e  m a t e r i a l s  evo lv ing  from a spent shale t o  be combusted as 
we1 1. 

Prepara t ion  o f  Spent Shales 

P e l l e t s  o f  each raw shale were pyro lyzed i n  a thermogravimetr ic 
ana lyser  (TGA) t o  5OOaC a t  hea t ing  ra tes  o f  50 t o  100°C/min and he ld  f o r  
20 minutes. Most o f  the p e l l e t s  cou ld  be recovered i n t a c t  f r o m  the  TGA and 
used fo r  subsequent experiments. For p e l l e t s  o f  t h e  two r i c h e s t  samples, 
however, t he re  was cons iderab le  s w e l l i n g  and cracking, o f t e n  causing mechani- 
c a l  l o s s  of some o f  t h e  ma te r ia l .  These p e l l e t s  had t o  be h e l d  i n  go ld  cruc- 
i b l e s  du r ing  the  TGA runs  and i n  subsequent ca lo r ime t ry  experiments. To check 
t h a t  t h e  TGA purge gas was reasonably f r e e  o f  oxygen, occasional  samples were 
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he ld  a t  5OOOC f o r  per iods  o f  40 minutes t o  f o u r  hours. There was no de tec t -  
ab le  mass change du r ing  these t ime per iods.  When t h e  subsequent heat of 
combustion was compared t o  t h a t  of samples he ld  f o r  o n l y  20 minutes, no l o s s  
of heat ing  value was observed, i n d i c a t i n g  t h a t  no ser ious  sample o x i d a t i o n  had 
occurred. 

For  each raw shale i n  the  ser ies ,  several  p e l l e t s  (approx imate ly  30 
t o  100 mg each) were pyro lyzed i n  t h e  TGA. Some were saved f o r  c a l o r i m e t r i c  
experiments, whi le,  i n  general, two o f  each member o f  t h e  se r ies  were sent f o r  
ana lys i s  (12). The r e s u l t i n g  analyses are  g iven i n  Table 1 and were used t o  
c a l c u l a t e  the  amount o f  organic and ino rgan ic  ma te r ia l  i n  each sample. How- 
ever, t h e  amount o f  Ca p lus  Mg, i f  assumed t o  be e x c l u s i v e l y  due t o  t h e  miner-  
a l s  c a l c i t e ,  CaC03, and dolomite,  CaMg(C03)2, p r e d i c t s  carbonate contents 
h igher  than those from t h e  ac id  C02 t e s t s .  To a r r i v e  a t  a va lue  f o r  C02 
content,  we even tua l l y  took  the  s imple average o f  t h e  two p o s s i b l i t i e s  f o r  
each sample. The ino rgan ic  carbon was then ca l cu la ted  and subt rac ted  from the  
t o t a l  carbon t o  y i e l d  t h e  organic carbon value. 

Spent Shale Experiments and Resu l ts  

Using the  30 t o  100 mg p e l l e t s  descr ibed above, several  experiments 
were performed on each spent sha le  a t  705OC. Th is  temperature was chosen 
because organic combustion i s  rap id ,  w h i l e  carbonate decomposition i s  slow 
(13),  g i v i n g  us an oppor tun i t y  t o  p a r t i a l l y  separate t h e  heat e f f e c t s .  

I n  one se t  o f  experiments, t h e  ca lo r ime te r  sample chamber wa3 con- 
t i n u o u s l y  swept w i t h  n i t rogen  a t  f l ow  ra tes  ranging from 115 t o  210 cm /min, 
and samples were dropped from room temperature i n t o  705OC. From the  endo- 
thermic  peak i n  t h e  thermop i le  s igna l ,  a peak-height and a peak-area enthalpy 
va lue  were ca l cu la ted  f o r  t h e  process 

spent shale (25OC) + pyro lyzed sha le  + products (705OC) 2) 

Because o f  t h e  slow carbonate decomposition, a l ong  t a i l  i s  ev iden t  on the  
peak, and the re  i s  a cons iderab le  d i f f e r e n c e  between t h e  peak-height and peak- 
area en tha lp ies  (see below, F igure  2) .  I n  separate experiments, samples o f  
sp n t  shale were a l so  dropped d i r e c t l y  i n t o  t h e  humid i f i ed  oxygen stream (20 

spent shale (25OC) + O2 (705OC) + bu rn t  shale (705OC) + 

cm E /min) t o  determine t h e  t o t a l  en tha lpy  

3) 
C02, H20, e tc .  (705OC) 

A t y p i c a l  thermop i le  s igna l  showed a number o f  events. It f i r s t  moved i n  the  
endothermic d i r e c t i o n  t o  record sens ib le  heat bu t  then q u i c k l y  changed t o  t h e  
exothermic d i r e c t i o n  t o  record  r a p i d  combustion. F i n a l l y ,  it re turned endo- 
thermic  t o  cont inue record ing  slow carbonate decomposition. The charac ter  o f  
t h e  s igna l  depends on t h e  balance between organic ma te r ia l  and carbonate 
minera ls  i n  t h e  sample. For peaks o f  t h i s  type, t h e  peak-height value i s  
meaningless, and the  area from i n i t i a l  t o  f i n a l  base l ines  was used t o  calcu- 
l a t e  t h e  enthalpy.  
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Figure  2 shows a l l  o f  t h e  exper imental  r e s u l t s  from t h e  n i t rogen  
experiments (he igh t  and area) and from t h e  oxygen experiments (area on ly ) ,  
p l o t t e d  vs. t h e  percent  o rgan ic  carbon on t h e  spent shale samples. 

Experimental Heat o f  Combustion and Comparison t o  L i t e r a t u r e  

When the  peak-area value from t h e  n i t r o g e n  drop (Equat ion 2) i s  
subtracted from t h a t  o f  t h e  oxygen drop (Equat ion 3) t h e  r e s u l t  i s  t he  heat o f  
combustion of spent sha le  a t  705"C, i n c l u d i n g  shale v o l a t i l e s :  

(pyro lyzed shale + products) + O2 + b u r n t  shale + C02, H20, etc.  4)  

We assume t h a t  a l l  processes which occur under n i t r o g e n  a l so  occur t o  t h e  same 
ex ten t  under oxygen and t h a t  t h e  combustion i s  then  an a d d i t i v e  c o n t r i b u t i o n .  
I n  p a r t i c u l a r ,  both t h e  carbonate decomposition en tha lpy  and any enthalpy o f  
producing v o l a t i l e s  from t h e  spent shale cancel i n  t h e  sub t rac t i on .  The 
en tha lpy  of v o l a t i l e s  p roduc t ion  i s  expected t o  be small, and t h e  carbonate 
decomposition en tha lpy  can be added back t o  g i v e  an ad jus ted  form o f  
Equat ion 4: 

spent sha le  ( i n c l u d i n g  carbonate) + 02 + bu rn t  shale + 

minera l  C02 + CO2, H20, etc.  

The experimental combustion values f o r  Equat ion 5 a re  g iven i n  Table 2, where 
they  a re  compared t o  l i t e r a t u r e  values de r i ved  as fo l l ows .  

Burnham e t  a l .  (14) repo r t  a c o r r e l a t i o n  which represents the  heats 
o f  combustion o f  s-Green R ive r  o i l  shales as determined by c l a s s i c a l  bomb 
combustion ca lo r ime t ry .  Since these heats r e f e r  t o  a se t  o f  s p e c i f i e d  stan- 
dard s ta tes  which are  no t  t y p i c a l  o f  those expected a t  h igh  temperatures, they  
ad jus t  t h e i r  c o r r e l a t i o n  and g i ve  the f o l l o w i n g  ( t h e i r  Equat ion 4) f o r  the  
heat of combustion expected a t  h igh  temperatures 

M ( J /g )  = -375.3 (% organic C) - 512.5 (%SI + 20.85 (% C02) 

We have ad jus ted  t h i s  f u r t h e r  t o  change t h e  f i n a l  s t a t e  f o r  water from l i q u i d  
t o  gas (by changing t h e  term f o r  % o rgan ic  C from -375.3 t o  -368.0 as they 
recommend) and t o  change t h e  f i n a l  s t a t e  f o r  n i t r o g e n  from N t o  a m ix tu re  o f  
NO and NO2. The r e s u l t i n g  equat ion then assumes t h a t  t h e  fo? lowing  processes 
occur: combustion o f  o rgan ic  m a t e r i a l ,  combustion o f  o rgan ic  s u l f u r  and 
inorgan ic  s u l f i d e s ,  cap ture  o f  SO2 as su l fa tes ,  and decomposition o f  carbon- 
ates. However, one impor tan t  quest ion concerning t h e  combustions a t  705OC i n  
our ca lo r ime te r  i s  whether calc ium and magnesium oxides have reac ted  w i t h  Si02 
t o  form new s i l i c a t e  compounds. L i t e r a t u r e  i n d i c a t e s  t h a t  t he  r a t e s  o f  these 
reac t ions  are enhanced by steam (13), but  we do no t  know whether t h e  low l e v e l  
Of mo is tu re  i n  our oxygen i s  enough t o  have a s i g n i f i c a n t  e f f e c t .  Thus, i n  
Table 2 we have c a l c u l a t e d  " l i t e r a t u r e "  values i n  two ways, assuming e i t h e r  no 
s i l i c a t e  format ion o r  complete s i l i c a t e  format ion,  us ing  t h e  terms given by 
Burnham et. (14).  

I n  Table 2, the  o v e r a l l  agreement between our new data  and the  
l i t e r a t u r e  values, even toward the  r i c h e r  f r a c t i o n s ,  shows t h a t  t o  f i r s t  order 
t h e  heat of combustion a t  h igh  temperatures i s  understood f a i r l y  we l l .  How- 
ever, as Burnham e t  a l .  (14) a l s o  concluded (concerning t h e i r  bomb ca lo r ime t ry  

5) 

6) 

' I  
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1. 

I 
\ o ther .  

r e s u l t s ) ,  t he re  are  impor tan t  quest ions remaining, p a r t i c u l a r l y  on the  r o l e  of 

d e f i n i t i v e  statement on t h e  occurrence o f  s i l i c a t e  reac t ions  i n  our  c a l o r i -  
meter, s ince  some of t he  p o i n t s  i n  Table 2 support  one assumption and some the  

\ mineral  reac t ions .  For example, t he  exper imental  s c a t t e r  does no t  permit  a 

CONCLUSION 
\ 

High-temperature Calvet ca lo r ime t ry  i s  a powerful means o f  de ter -  
m in ing  accurate en tha lpy  values f o r  o i l  shale processes a t  h igh  temperatures, 
us ing  very small samples (50 t o  200 mg). By us ing  samples from s i n k - f l o a t  
separa t ion  procedures (7 ) ,  a wide range o f  o rgan ic  and ino rgan ic  c o n t r i b u t i o n s  
can be studied. I n  a previous paper (3 ) ,  values f o r  the  heat o f  r e t o r t i n g  
Green R ive r  o i l  shales t o  5OOOC have been extended beyond t h e  o i l  y i e l d s  
p rev ious l y  studied (5,15), and t h e  f i r s t  accurate values f o r  Rundle shales 
were determined. To our knowledge, t h e  present study a l s o  represents  the  
f i r s t  attempt t o  measure heats o f  combustion o f  spent shales i n  a high-temper- 
a t u r e  ca lo r imeter  ( i  .e. o the r  than by d i f f e r e n t i a l  scanning c a l o r i m e t r y  o r  
d i f f e r e n t i a l  thermal ana lys i s ) .  Resu l ts  f o r  spent Green R ive r  o i l  shales a t  
705OC agree reasonably we l l  w i t h  those de r i ved  from c l a s s i c a l  bomb calo- 
r ime t ry ,  bu t  t he re  are impor tan t  quest ions remaining on t h e  c o n t r i b u t i o n s  o f  
mineral  reac t ions  t o  the  enthalpy.  
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Tab le  1 

I 

I 

/ 

Analyses o f  Green R i v e r  Shale Samples R e t o r t e d  by TGA t o  50OOC 
( G a l b r a i t h  L a b o r a t o r i e s  (12)) 

so3 Sample C ( t o t a l )  H N S Ca 5 ash carbonate  C ( X  on ash) 
% o f  d r i e d  spent sha le  

2.25 8.74 0.27 0.29 0.81 16.60 3.96 74.75 6.64 

2.2F 9.48 0.28 0.33 0.70 17.74 4.03 74.27 6.53 

2.0F 9.54 0.32 0.42 0.98 14.97 4.06 75.73 5.76 

1.9F 10.24 0.45 0.65 1.36 10.89 3.96 78.03 4.52 

1.8F 11.19 0.56 0.71 1.60 9.63 3.71 77.36 4.13 

1.7F 12.16 0.59 0.80 2.06 8.60 3.36 78.13 3.76 

1.6F 12.10 0.61 0.79 2.34 8.62 2.66 78.82 3.19 

Table 2 

Exper imental  values, de r i ved  from the  present work, f o r  t h e  heat of combustion 
of spent Green R ive r  o i l  sha le  a t  705OC, and comparison t o  values der ived  from 
bomb ca lo r ime t ry  (14) ; see t e x t .  

-AH- ( k J l g  of spent shale) 

o rgan ic  C Reference 14 
sample ( %  spent sha le )  t h i s  worka n / O  s i l i c a t e s  w s i l i c a t e s  

2 .25 1.96 0.34 f 0.05 0 2 2  0.59 

2.2F 2.56 0.79 f 0.14 0.36 0.75 

2 .OF 3.42 1'.15 f 0.06 0 .93 1.26 

1 .9F 5.37 2.26 f 0.06 z .ni 2 2 6  

1 .8F 6 .77 2.57 f n.11 2 .71 2.92 

1.7F ".I" 0 3 c  3 .3i t O.Oi  3 .51 3 -69 

1 .6F 8.56 3.77 f 0.06 3.86 4 .OO 

2 .EO 

2 .E9 

3 2 0  

4.89 

5.74 

7.04 

6.57 

aValues given f o r  each sample represent the  average peak-area enthalpy from the  oxygen 
drops minus t h a t  from t h e  n i t rogen  drops and then ad jus ted  t o  i nc lude  carbonate 
decomposition. according t o  Equation 5 i n  t he  t e x t .  
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Figure 1 

Assembly diagram of the high-temperature calorimeter (overall dimensions: 
h.80 cm; d - 65 cn). A: lnconel block; 8: temperature homogenizing shield; 
C: furnace s h e l l ;  0: Ceramic support blocks; E: cast re f ractory  insu lat ion;  
F :  side ua te r  j ac te t ;  G: grooves f o r  top and b o t t m  heater wires; H: t y p i -  
cal thermopile lead wlre; I :  centra l  *el l  f o r  prec is ion thermocouple; J: 
ceramic tube sample chamber; X: ceramic n o l ;  1: top water j ac te t .  

-41  I I I 8 8  f * 1 I 

0 1 2 3 4 5 6 7 8 9  

Organic Carbon 
(96 01 Spent Shale) 

Figure 2 

Experimental enthalpy va lves  detemined frw drops of spent Green River  shale 
i n t o  n i t rogen or oxygen a t  705°C. VI. the percent organic carbon on Spent 
shale. 

0 .  _ _ _  ni t rogen peak height 
e. - nitrogen peak area +. - - oxygen peak area 
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